Introduction
Eruptive materials from polygenetic volcanoes commonly show significant geochemical variation through time. These temporal variations have been examined to understand the underlying magmatic processes for many volcanoes in various tectonic settings (e.g., Garcia et al. 2000; Rizzo et al. 2006; Vlastélic et al. 2005; Matsumoto and Nakagawa 2010) , and such information is important for the prediction of future volcanic activities. However, determining the origin of temporal variation is challenging, because such variation reflects the integration of many processes and factors, such as temporal change in the influx of slab-derived fluids into the melting region (for arc volcanoes), progressive melting of the source mantle, and temporal variation in the relative roles of magmatic processes in an evolving magma 1 3
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In this study, we investigated the origin of temporal geochemical variations of erupted materials from Klyuchevskoy volcano in the Kamchatka arc. This volcano is known to be one of the most active arc volcanoes in the world; it has erupted frequently, even within the last 10 years: AD 2007 AD , 2008 AD -2009 AD , 2009 AD -2010 AD , 2011 AD , 2012 AD -2013 AD , 2013 AD , 2015 AD , and 2015 . The volcano is also characterized by underlying subduction of the Hawaiian-Emperor seamount chain. Therefore, a high flux of slab-derived fluids from the thickened oceanic crust has been proposed as the cause of the exceptional magma productivity of this volcano (Dorendorf et al. 2000) . Portnyagin et al. (2005) suggested an additional role of mantle upwelling associated with detachment of a subducted slab fragment. Because of interest in the remarkable magma production rate of this volcano, many petrological and geochemical studies have been carried out (e.g., Khubunaya et al. 1993; Kersting and Arculus 1995; Dorendorf et al. 2000; Ozerov 2000; Churikova et al. 2001; Auer et al. 2009; Mironov and Portnyagin 2011; Kayzar et al. 2014) . Most of these studies have divided the eruptive products into "high-Mg basalts" and "high-Al andesites", and the genetic relationship between these two types of magma has been discussed. Although some researchers have contended that the high-Al andesitic magma may have been derived from the high-Mg basaltic magma (e.g., Ariskin et al. 1995; Kersting and Arculus 1995; Khubunaya and Sobolev 1998; Ozerov 2000; Mironov et al. 2001) , others have attributed the difference in the geochemical features of the two magmas to source mantle processes (e.g., Dosseto et al. 2003; Auer et al. 2009 ). To understand the origin and evolutionary history of Klyuchevskoy volcano, it is essential to elucidate the genetic relationships of the different types of magma with distinct geochemical features.
In this study, we obtained high-quality geochemical data of time-series samples (from ~3500 BP to AD 2013) from the volcano. We demonstrate that there must have been at least two different kinds of primary magmas with distinct K 2 O contents, and on this basis, we discuss the origin of the temporal variation of the magma compositions, particularly for historical volcanic activities.
Klyuchevskoy volcano
The Kamchatka arc is located at the northeastern convergent boundary of the Eurasian and Pacific plates, below which the Pacific plate is presently being subducted at a rate of ~8 cm/year (Bird 2002) . Volcanic activities on Kamchatka date back to the Cretaceous Period. The current plate-tectonic configuration, however, formed in the Late Miocene to Early Pliocene (Dorendorf et al. 2000; Churikova et al. 2001; Avdeiko et al. 2006 ). The present volcanism is concentrated in three zones subparallel to the trench: the Eastern Volcanic Front (EVF), Central Kamchatka Depression (CKD), and Sredinny Range (SR), from east to west (Fig. 1) . The depths to the subducting slab at the EVF, CKD, and SR are 100-140, 100-200, and 300-400 km, respectively (Gorbatov et al. 1997) .
The Klyuchevskoy Group, located in the CKD, contains 12 volcanoes including Klyuchevskoy, all younger than ~70 ka and located on Pleistocene plateau basalts and shield volcanoes (e.g., Melekestsev et al. 1991) . The magma productivity of the CKD volcanoes during historical times has been as high as 60-90 million tons/year (e.g., Khrenov et al. 1991; Fedotov et al. 2010) . The heat flow of the CKD has been estimated as >80 mW/m 2 , which is significantly higher than those of the other areas of Kamchatka (e.g., Smirnov and Sugrobov 1980) . These geophysical observations and the voluminous volcanism have been attributed to the following complex geodynamic settings and associated processes: (1) the arc-arc junction between the Kuril-Kamchatka arc and the Aleutian arc; (2) opening of a slab window (Yogodzinski et al. 2001) ; (3) detachment of fragments from the subducted Pacific plate (Levin et al. 2002) ; (4) slab-edge heating in the mantle wedge due to decreasing thickness of the Pacific plate to the north of the Emperor faults (Davaille and Lees 2004; Portnyagin and Manea 2008) ; and (5) active rifting in the CKD area .
Klyuchevskoy volcano (4750 m) is composed mainly of basaltic and basaltic-andesitic lava flows and pyroclastic deposits (Fig. 2) . The volcano has developed on the extinct Kamen and Ploskie Sopky volcanoes over the last 7000 years to form a main stratovolcano. There have also been numerous flank eruptions (Fig. 2 ) since 3500 BP (Braitseva et al. 1995) . Most of the associated cinder cones are concentrated on the eastern slope of the volcano and are located along the extension of a regional fault. The first historical record of Klyuchevskoy eruptions dates to AD 1697. After this time, until AD 1932, volcanic activities were concentrated at the top of the volcano. Then, flank eruptions restarted, and formed cinder cones on the lower slopes of the volcano (Menyailov 1947; Tokarev 1990 ), while summit activities continued. Since the paroxysmal eruption of AD 1993-1994, volcanic activities have been concentrated at the top of the volcano.
Analytical methods
In this study, as a Japanese-Russian joint research project on Klyuchevskoy volcano from 2010 to 2014, we collected ~250 samples with eruption ages that span from 3500 BP to AD 2013. The sampling localities are shown in Fig. 2 . For whole-rock analysis, rock specimens were crushed to coarse chips with diameters of 3-5 mm. The chips were then rinsed with deionized water in an ultrasonic bath and subsequently dried at 100 °C for >12 h. The washed chips were ground using an agate mill. Concentrations of major elements and some trace elements (Sc, V, Cr, Co, Ni, Rb, Sr, Y, Zr, and Ba) were measured with X-ray fluorescence spectrometry (XRF), using a Spectoris MagiX PRO at the Graduate School of Science, Hokkaido University. For the XRF analysis, powdered samples were kept at 900 °C for >12 h in a muffle furnace, and glass beads were prepared via fusion with an alkali flux (2-to-1 sample dilution) consisting of a 4-to-1 mixture of lithium tetraborate and lithium metaborate. Concentrations of additional trace elements were determined for selected samples via inductively coupled plasma mass spectrometry (ICP-MS), using a Thermo Fisher Scientific X-series device.
The analytical procedures followed for chemical separation were based on the methods of Pin et al. (1994) and Noguchi et al. (2011) for Sr, Pin et al. (1994) and Pin and Zalduegui (1997) for Nd, and Kuritani and Nakamura (2002) Gorbatov et al. (1997) .
A thick bold line indicates the location of the cross section, as shown in Fig. 11 208 Pb/ 204 Pb = 36.7266 for NIST981 (Kuritani and Nakamura 2003) . The results of replicate analyses of the major and trace element compositions and Sr, Nd, and Pb isotopic ratios of the Geological Survey of Japan reference material JB-3 measured during the course of this study, as well as the reference values, are provided by Kuritani et al. (2017) .
Mineral compositions were determined using a JEOL JXA-8800 electron microprobe at the Graduate School of Science, Hokkaido University. For mafic minerals, an accelerating voltage of 15 kV, a beam current of 20 nA, and a counting time of 20 s were adopted. Operating conditions for plagioclase were an accelerating voltage of 15 kV and a beam current of 10 nA with a counting time of 10 s and a beam diameter of 10 μm. Both oxide and natural mineral standards were used, and data were obtained using the ZAF correction method.
Petrography and mineral chemistry
Lavas and scoria from the volcano have mainly basaltic and basaltic-andesitic compositions. As shown in the following, the whole-rock MgO contents of the studied samples range from ~4 to ~12 wt.%. The phenocryst assemblages of primitive samples (>~9 wt.% MgO) are typically characterized by olivine and clinopyroxene, and those of the other samples are composed of plagioclase, olivine, clinopyroxene, and rare orthopyroxene. Fe-Ti oxide minerals are also observed as accessory phases. Some rocks contain mantle xenoliths that consist of olivine, clinopyroxene, and orthopyroxene. The phenocryst contents are variable, from ~5 to ~25 vol.%.
The chemical compositions of representative olivine, pyroxene, and plagioclase phenocrysts are listed in Table A1 . The olivine phenocrysts typically show normal commonly range from ~70 to ~90. For the olivine phenocrysts, Mg# values show systematic variation with the whole-rock MgO contents of the samples; those of the primitive samples are within 75-90 (Fig. 3b, d ) and those of the evolved samples are within ~70-85 (Fig. 3f) . The plagioclase phenocrysts are typically homogeneous with respect to An content [100 × Ca/(Ca + Na)], but phenocrysts with reverse zoning are also present. The An contents of the phenocryst cores are typically within the range of 50-88.
Whole-rock composition
Whole-rock major and trace element compositions of the samples, determined using XRF, are listed in Table 1 and  Table A2 . MgO variation diagrams for SiO 2 , Al 2 O 3 , Fe 2 O 3 , and K 2 O are displayed in Fig. 4 , and those for Ni, Y, Zr, and Ba are shown in Fig. 5 . The samples show significant variation in SiO 2 content (52-55 wt.%). As reported in previous studies (e.g., Kersting and Arculus 1995; Ozerov 2000) , the products have a compositional range from high MgO-low Al 2 O 3 to low MgO-high Al 2 O 3 (Fig. 4b) . On this basis, the compositions are divided into high-Mg basalts (>~7 wt.% MgO) and high-Al andesites (<~7 wt.% MgO) according to the classification of previous studies. The MgO-rich samples are characterized by high CaO and Ni and low SiO 2, K 2 O, Y, Zr, and Ba contents. The older samples (4-1.5 ka) have relatively high MgO and low SiO 2 contents, whereas the historical samples (younger than AD 1932) have relatively low MgO and high SiO 2 contents. It is noteworthy that two kinds of high-Mg basaltic samples are observed with distinct K 2 O contents; those from the Bulochka vent (2650 years BP; Auer et al. 2009 ) with lower K 2 O content (~0.6 wt.%) and those from the Tuyla vent (AD 1932 products) with higher K 2 O content (~0.9 wt.%) (Fig. 4d) . In this study, the high-Mg basaltic samples were further divided into lower-K basalts (<0.8 wt.% K 2 O) and higher-K basalts (>0.8 wt.% K 2 O). The compositions of the historical eruption products show temporal variations (Fig. 6 ). The K 2 O and MgO contents tend to increase and decrease, respectively, with decreasing eruption ages from AD 1932 to ~AD 1950, and the K 2 O and MgO contents decrease and increase, respectively, from AD 1950 to the present.
Trace element concentrations determined using ICP-MS and Sr, Nd, and Pb isotopic compositions of representative samples are listed in Table 1 and Table A2 . A primitive mantle-normalized multi-element diagram for the representative samples (most magnesian samples in the individual eruption stages) is shown in Fig. 7 . The patterns for the Klyuchevskoy samples are characterized by negative anomalies of Nb and Ta, and positive spikes in Sr, which are characteristics of subduction-zone magmas. The trace element concentrations of the Mg-rich samples are lower than those of the Mg-poor (SiO 2 -and Al 2 O 3 -rich) samples. Variations in the isotopic compositions of Sr, Nd, and Pb with MgO content are shown in Fig. 8a-c (Fig. 6c) . Figure 8d- 
Compositional diversity of the Klyuchevskoy magmas
The Klyuchevskoy samples show considerable compositional variation, ranging from ~12 to ~4 wt.% in MgO. This compositional diversity may have resulted from heterogeneity of the primary magmas, as well as from differentiation processes, such as fractional crystallization, crustal assimilation, and magma mixing. As described above, two kinds of primitive magmas with distinct K 2 O contents are present: those from the Bulochka vent with lower K 2 O content (2650 years BP) and those from the Tuyla vent with higher K 2 O content (AD 1932) (Fig. 4d) . The significant difference in K 2 O contents within the MgO content range of 8-9 wt.% may indicate that the higher-K primitive magma could not have been derived from the lower-K primitive magma through fractional crystallization. Therefore, it can be inferred that the lower-K and higher-K primitive magmas were derived from different source mantle materials.
As shown in Fig. 6 , the historical magmas tend to evolve systematically from AD 1932 to ~1960, with a few exceptional samples (AD 1937 (AD -1938 with significantly low K 2 O and high MgO contents. By applying the two-pyroxene geobarometer of Putirka (2008) to the cpx-opx pairs in the AD 1937-1938 sample (11Ky102-1), a crystallization pressure of 0.4 GPa was determined. This observation may indicate that the primitive higher-K magma with ~0.9 wt.% K 2 O evolved into the andesitic magma with ~1.2 wt.% K 2 O over ~30 years in a middle crustal magma chamber. In addition, the 206 Pb/ 204 Pb ratios decrease systematically from 18.30 to 18.29 with decreasing eruption ages after AD 1932 to ~1960 (Fig. 6c) , which implies that assimilation of crustal materials occurred simultaneously with fractional crystallization. Kayzar et al. (2014) reported that middle and lower crustal xenoliths from Bezymianny volcano, which is located 9 km from O values. However, the source of these high δ 18 O values has been a matter of debate; various possible source, such as fluids from subducted sediments, fluids from the subducted Hawaii-Emperor Seamounts, a pyroxenite mantle source, metasomatized lithospheric and/or asthenospheric mantle, and hydrothermally altered crust, have been examined (e.g., Pineau et al. 1999; Pokrovsky and Volynets 1999; Dorendorf et al. 2000; Bindeman et al. 2004; Auer et al. 2009 ). The observed temporal variation of the δ 18 O values (Fig. 6d ) may indicate that the high δ
18 O values of the Klyuchevskoy products are partly attributed to the assimilation of crustal materials. However, this inference does not rule out the possibility that the high-δ 18 O materials also reside in the mantle, because the primitive lower-K (Bulochka cone) and higher-K (Tuyla cone) products have significantly higher δ
18 O values than those typical of the mantle (Dorendorf et al. 2000; Auer et al. 2009 ).
The MgO contents and K 2 O contents of the products tend to increase and decrease, respectively, with decreasing eruption ages after ~AD 1960 (Fig. 6a, b) . This observation may indicate that relatively primitive magma has been injected continuously into the middle crustal magma chamber. It is noteworthy that the 206 Pb/ 204 Pb isotopic ratios of the products also increase systematically with decreasing eruption ages from ~AD 1960 to the present, with some exception samples, and that those of the products formed after AD 2000 (>18.31; Fig. 6c ) are higher than those of any other products of the volcano (<~18.30; Fig. 8c ). Therefore, this higher-206 Pb/ 204 Pb primitive magma may represent a new type of primary magma that was not produced beneath Klyuchevskoy volcano previously.
High-Al andesites (<~7 wt.% MgO) occurred throughout the evolution of the volcano (Fig. 6) , and their origin has been a matter of debate (e.g., Kersting and Arculus 1995; Ariskin et al. 1995; Khubunaya and Sobolev 1998; Ozerov 2000; Mironov et al. 2001 ; Dosseto et al. Auer et al. 2009 ). This study shows that the highAl andesites of the historical eruptions originated primarily from assimilation and fractional crystallization of the higher-K basaltic magmas.
Origin of lower-K and higher-K basaltic magmas
The lower-K and higher-K primitive magmas are inferred to have been derived from different source mantle materials, as discussed above, and the MgO contents of the most magnesian lower-K and higher-K basaltic samples (12Ky2-2 and 12Ky13-2) are 11.7 and 9.4 wt.%, respectively; these samples may represent primary or near-primary magmas. The compositions of the primary magmas are controlled mainly by parameters, such as the degree of melting of the source mantle, the compositions of the slab-derived fluids, and the mixing ratios between the slab-derived fluids and the source mantle (e.g., Kimura et al. 2009 ). With these factors, the degree of melting alone cannot explain the difference between the lower-K and higher-K primary magmas, because the isotopic ratios of the two primary magmas differ (Fig. 8) . Figure 9 shows a Th/Yb-Ba/La diagram in which the compositions of the primitive (>9 wt.% MgO) lower-K and higher-K samples, as well as that of the depleted mid-ocean ridge basalt source mantle (DMM) (Salter and Stracke 2004) , are plotted. Trace element ratios, such as Th/Yb and Ba/La, have been widely used to identify the nature of slabderived fluids (e.g., Hawkesworth et al. 1991; Pearce and Peate 1995) . Because Ba is soluble in slab-derived aqueous fluids, and because La, Yb, and Th are immobile in these aqueous fluids, the addition of the fluids to the mantle results in high Ba/La and low Th/Yb ratios of the partial melts. However, because sediments have high Th/Yb and low Ba/La ratios, the partial melt is characterized by high Th/Yb and low Ba/La ratios from the addition of the melt component to the mantle.
In the figure, partial melts of the DMM have Th/Yb and Ba/La ratios similar to those of the DMM, because Th, Yb, Ba, and La are all incompatible elements. The Th/Yb and Ba/La ratios of both the lower-K and higher-K primary magmas which are different from those of the DMM, which may indicate that these magmas were produced through mixing of the DMM component and slab-derived fluids with distinct Th/Yb and Ba/La ratios. In addition, the lower-K magmas and the higher-K magmas do not lie along the same line from the DMM. This observation implies that the compositions of the slab-derived fluids associated with the lower-K primary magma differed from those of the higher-K primary magma. Both the lower-K and higher-K primary magmas have relatively high Th/Yb and Ba/La ratios. Therefore, the slab-derived fluids are suggested to have been supercritical liquids, in which both Ba and Th are soluble (Kessel et al. 2005) . The involvement of supercritical liquids in the source mantle beneath Klyuchevskoy has previously been suggested by Portnyagin et al. (2007) . The proportion of the melt-like component in supercritical liquids tends to increase with the slab depth from which the liquids were derived (Kessel et al. 2005) . Therefore, the slab-derived fluids of the higher-K primary magma may have been derived from greater depth levels than were those of the lower-K primary magma.
Conditions of magma generation
For the primitive lower-K basalts from the Bulochka vent, water contents in the melt were determined by Auer et al. (2009) . They reported 0.4-3.9 wt.% H 2 O for glass inclusions in a primitive basaltic scoria sample (KLV 5/8; 11.3 wt.% MgO), which had a whole-rock major element composition that was generally similar to that of sample 12Ky2-2 in this study. Given that the inclusions with the highest water contents (3.9 wt.%) were those least affected by degassing, the H 2 O/K 2 O ratio of the glass was determined to be 9.3. This ratio is within the range of 7-11 Sun and McDonough (1989) determined recently for glass inclusions in lavas from the Bulochka vent by Mironov et al. (2015) . Analytical errors for water content analysis using FT-IR may be as high as 10% (e.g., Roggensack et al. 1997) . Assuming that the H 2 O/K 2 O ratio did not change significantly during magmatic differentiation, the H 2 O content of the melt with the composition of 12Ky2-2 was found to be 5.1 ± 0.5 wt.% using the K 2 O content of 0.55 wt.% of the sample. The alphaMELTS model in the MELTS mode (Ghiorso and Sack 1995; Asimow and Ghiorso 1998; Smith and Asimow 2005) with the oxygen fugacity of Ni-NiO buffer indicated that the 12Ky2-2 melt with 5.1 wt.% H 2 O (the most primitive lower-K basalt sample) was in equilibrium with olivine with Mg#90.5. This observation indicates that the composition of 12Ky13-2 may actually represent a primary magma composition.
The degrees of melting of the DMM were estimated for the lower-K primary magma based on the distribution of Ti between the source mantle and melt following the method of Kelley et al. (2006) . Using the bulk distribution coefficient for Ti of 0.04 and a TiO 2 content of the DMM of 0.133 wt.% (Salters and Stracke 2004) Fig. 5 Page 13 of 16 35 content of 12Ky2-2 (Table 1) , a degree of melting of 13.2% was determined. In this case, the water content of the source mantle was calculated to be 0.72 ± 0.07 wt.% using Eq. 10 of Kelley et al. (2006) .
The temperature and pressure conditions of magma generation were estimated following a similar method to that of Kuritani and Nakagawa (2016) using two constraints: (1) the primary magma was generated through 13.2% melting of the DMM and (2) the primary magma was in equilibrium with olivine in the source mantle. First, the pressure and temperature conditions required to generate a 13.2% partial melt of the DMM were calculated for a source water content of 0.72 ± 0.07 wt.% using the parameterized hydrous mantle melting model of Katz et al. (2003) ; the result is shown in Fig. 10 . It has been suggested that the pMELTS model underestimates the effect of H 2 O on the lowering of the olivine liquidus temperature for primitive melts (e.g., Médard and Grove 2008) . Therefore, the liquidus temperature of olivine for the dry primary melt was calculated using the alphaMELTS model in the pMELTS mode (Ghiorso et al. 2002; Smith and Asimow 2005) , and the effect of water on the lowering of the olivine liquidus temperature was then corrected using the model of Méd-ard and Grove (2008) . The calculated olivine liquidus temperature for the primary melt with 5.1 ± 0.5 wt.% H 2 O in temperature-pressure space is shown in Fig. 10 . The temperature and pressure conditions for the magma that satisfy the 13.2% degree of melting of the DMM and the equilibration of the melt with olivine in the source mantle were constrained to 1245-1260 °C and ~1.9 GPa, respectively.
For the primitive higher-K basalts from the Tuyla vent, Mironov and Portnyagin (2011) reported 0.06-0.08 wt.% H 2 O for glass inclusions in olivine phenocrysts. However, these low water contents are interpreted to have resulted from water loss from the inclusions during eruption and subsequent cooling (Mironov and Portnyagin 2011) . A hygrometer, such as that based on plagioclase-melt thermodynamic equilibrium (e.g., Putirka 2008), may be used to estimate water contents in melt. However, at Klyuchevskoy volcano, plagioclase appears in a crystallization phase only in evolved andesitic samples. Therefore, it is not possible to reliably estimate the conditions of magma generation for the higher-K basalts.
Comparison with geophysical study
Recently, Koulakov et al. (2016) investigated the 3D velocity structure beneath Klyuchevskoy volcano in detail, and suggested that slab-derived fluids are released from the subducting slab at variable depths (Fig. 11) . As shown in Fig. 6 , the relatively primitive (>8 wt.% MgO) higher-K and lower-K basaltic magmas erupted in AD 1932 and AD 1937 -1938 (open diamonds in Fig. 6 ), respectively. This observation may indicate that the primary higher-K and lower-K magmas were probably generated simultaneously and independently in the upper mantle beneath the volcano. If this was the case, the slab-derived fluids for the lower-K magma and the higher-K magma may have been derived from the slab at depths of 70-90 km and >90 km, respectively (Fig. 11) . We suggest that the lower-K basaltic Fig. 10 Estimated conditions of magma generation for the lower-K primitive magma. The P-T conditions of the source mantle required to generate 13.2% partial melt with a source water content of 0.72 ± 0.07 wt.%, calculated using the parameterized hydrous mantle melting model of Katz et al. (2003) , and the liquidus temperature of olivine for a primary magma with a water content of 5.1 ± 0.5 wt.%, calculated using the alphaMELTS model in pMELTS mode (Asimow and Ghiorso 1998; Smith and Asimow 2005) and the model for the effect of water on the lowering of olivine liquidus temperatures for primitive melts (Médard and Grove 2008) , are shown as dashed lines and continuous lines, respectively. Thick gray lines indicate the possible P-T condition of the magma generation magmas were generated at 1245-1260 °C and ~1.9 GPa. Therefore, the region with a relatively low-Vs anomaly at 60-70 km depths may represent the generation site (Fig. 11) , given that the lower-K primitive magmas erupted at AD 1937-1938 were generated under similar conditions to those of the lower-K products from the Bulochka vent.
Conclusions
To understand the generation and evolution of magmas at Klyuchevskoy volcano, we carried out a petrological and geochemical study on basalts and basaltic andesites from the volcano and reached the following conclusions:
1. There have been two different kinds of primitive magmas with distinct K 2 O contents. The lower-K basalts have been dominant throughout the evolution of the volcano, whereas the eruption of the higher-K primitive basalts was limited mostly to AD 1932. 2. The lower-K and higher-K primary magmas were generated by influxes of different slab-derived fluids into the melting region. The slab-derived fluids of the higher-K magmas are inferred to have contained larger amounts of a sediment component than those of the lower-K magmas. Therefore, the slab-derived fluids of the higher-K primary magma may have been derived from deeper levels than those of the lower-K primary magma. 3. The H 2 O content of the lower-K primary magma was estimated to be ~5.1 wt.% based on water content analysis of glass inclusions by Auer et al. (2009) . Thermodynamic analyses have indicated that the lower-K primary magma was generated by ~13% melting of the source mantle with ~0.7 wt.% H 2 O at 1245-1260 °C and ~1.9 GPa. 4. The appearance of the higher-K basaltic magmatism at AD 1932 resulted from an influx of a new batch of slab-derived fluids into the melting region. We suggest that lower-K and higher-K primitive magmas were present simultaneously and independently in the upper mantle beneath the volcano in AD 1937-1938. 5. The higher-K basaltic magmas evolved progressively into high-Al andesitic magmas in a magma chamber in the middle crust through assimilation and fractional crystallization from AD 1932 to ~AD 1950. Relatively primitive magma has then been injected continuously into the magma chamber from AD 1950 to present. Therefore, the high-Al andesitic magmatism of the volcano was partly the result of assimilation and fractional crystallization of the high-Mg basalt magmas.
Fig. 11
Vertical cross section of S-wave velocity along the profile indicated in Fig. 1 (modified from Koulakov et al. 2016) . Areas indicated with "Lower-K" and "Higher-K" show possible sites of fluid flows from the subducting slab for the generation of the lower-K and higher-K primary magmas, respectively
